Best known for its role in targeting protein degradation by the proteasome, ubiquitin modification has also emerged as an important mechanism that regulates cell signaling through proteasome-independent mechanisms. The role of ubiquitin as a versatile signaling tag is characteristically illustrated in the NF-κB pathways, which regulate a variety of physiological and pathological processes in response to diverse stimuli. Here, we review the role of ubiquitination in different steps of the NF-κB signaling cascades, focusing on recent advances in understanding the mechanisms of protein kinase activation by polyubiquitin chains in different pathways that converge on NF-κB.
The ubiquitin conjugation system
Believed to have evolved from ancestral proteins containing β-grasp folds [1] , ubiquitin is a highly conserved and ubiquitously expressed protein in all eukaryotes from yeast to human. Four individual genes encode ubiquitin precursors either as a fusion protein between a ubiquitin and a ribosomal subunit or a "head-to-tail" linear polyubiquitin [2] . The ubiquitin precursors are further processed into the 76-amino-acid mature protein, which contains a C-terminal tail that can be covalently attached to other proteins through a stepwise enzymatic reaction involving three classes of enzymes, E1, E2 and E3 ( Figure 1 ) [3] . The human genome encodes two E1s, ~50 E2s and over 700 E3s, underscoring the enormous complexity of the ubiquitin system. In addition, similar to phosphorylation and dephosphorylation, ubiquitination can be reversed by deubiquitination enzymes (DUBs) that also comprise a large family of proteins. Moreover, bioinformatic and biochemical analyses have identified more than 20 types of ubiquitin-binding domains (UBDs), which are embedded in a large variety of proteins of diverse cellular functions [4] . The recognition of ubiquitinated substrates by proteins containing UBDs forms a ubiquitin network that generates distinct functional outputs in response to different signals. In the most typical example, the recognition of polyubiquitinated proteins by the proteasome leads to the degradation of these proteins within the proteasome.
Ubiquitin has seven lysines (K6, K11, K27, K29, K33, K48 and K63), all of which can be conjugated to another ubiquitin to form a polyubiquitin chain ( Figure 1 ). In addition, the amino terminus of one ubiquitin can be conjugated to the carboxyl terminus of another ubiquitin to form a linear polyubiquitin chain [5] . Polyubiquitin chains synthesized through different lysine linkages serve distinct functions in the cell [6] . For example, K48-and K11-linked polyubiquitin chains usually target proteins for proteasomal degradation, whereas K63 polyubiquitin chains and monoubiquitination regulate cellular functions such as protein kinase activation, DNA repair, membrane trafficking and chromatin remodeling, largely through proteasome-independent mechanisms [7, 8] .
Ubiquitin-mediated protein degradation activates the canonical and noncanonical NF-κB pathways
The activation of NF-κB requires the degradation of IκB proteins or the processing of NF-κB precursors to the mature subunits [10] . In most cases, IκB degradation is the hallmark of NF-κB activation, thus the signaling pathways that lead to IκB degradation are classified as the canonical NF-κB pathways (Figure 2 , left). These pathways include those activated by cytokines such as tumor necrosis factor (TNF) α and interleukin (IL)-1β, and bacterial products such as lipopolysaccharides (LPS). Stimulation with any of these ligands leads to the activation of the IκB kinase (IKK) complex, which is composed of the catalytic subunits IKKα and IKKβ, and the essential regulatory subunit NEMO (also known as IKKγ or IKKAP). IKK phosphorylates IκB proteins and targets them for polyubiquitination by a ubiquitin ligase complex consisting of Skp1, Cul1, Roc1 and βTrCP [11] . Ubiquitinated IκB is degraded by the 26S proteasome, allowing NF-κB to enter the nucleus to turn on target genes.
In B lymphocytes, NF-κB can also be activated through a noncanonical pathway involving the processing of p100 to the mature p52 subunit by the proteasome [10] (Figure 2, right) . In response to stimulation of a Role of ubiquitination in the canonical and noncanonical NF-κB pathways. In canonical NF-κB activation represented by IL-1R/ TLR pathways (left), the receptors recruit the adaptor protein MyD88, the kinases IRAK4 and IRAK1 and the E3 ubiquitin ligase TRAF6. The recruitment causes TRAF6 oligomerization and activates its E3 ligase activity. Together with the E2 enzyme complex Ubc13/ Uev1A, TRAF6 synthesizes unanchored K63-polyubiquitin chains that bind to the TAB2 and TAB3 subunits of the TAK1 kinase complex and the NEMO subunit of the IKK complex. This binding brings the kinases into proximity for phosphorylation and activation. IKK subsequently phosphorylates IκBα. Phosphorylated IκBα is recognized by the βTrCP E3 complex and targeted for ubiquitin-mediated proteasomal degradation, releasing the NF-κB dimer p50/p65 into the nucleus to turn on target genes including the IKK inhibitor A20. A20 forms a ubiquitin-editing complex with ITCH, RNF11 and TAX1BP1. One of the functions of this complex is to prevent K63 polyubiquitin chain synthesis by TRAF6 and Ubc13, which leads to IKK inhibition. In the noncanonical pathways (right), stimulation of the BAFF-R and CD40 on the B-cell surface leads to the recruitment of several E3 ligases, including TRAF2, TRAF3 and cIAPs. TRAF2 catalyzes K63 polyubiquitination of cIAPs, which in turn target TRAF3 for degradation by promoting its K48 polyubiquitination. In the absence of TRAF3, NIK is stabilized, leading to the activation of IKKα, which phosphorylates the NF-κB precursor p100. Phosphorylated p100 is also recognized by the βTrCP E3 complex and targeted for ubiquitin-mediated proteasomal processing to form the mature subunit p52. p52 forms a complex with Rel-B, which enters the nucleus to turn on genes that are important for B-cell activation and maturation.
www.cell-research.com | Cell Research Siqi Liu and Zhijian J Chen 9 npg subset of receptors on B cells, such as CD40 and B-cell activating factor receptor (BAFF-R), IKKα is activated to phosphorylate p100. This phosphorylation leads to polyubiquitination of p100 by the βTrCP ubiquitin ligase complex. Interestingly, ubiquitination of p100 does not result in its complete degradation by the proteasome. Instead, the 26S proteasome selectively degrades the Cterminal ankyrin repeats of p100, leaving the N-terminus (p52) intact. This partial degradation of p100 by the proteasome is likely due to a glycine-rich region in p100 that prevents the proteasome from degrading the N-terminus [12] . In addition, the tightly folded N-terminal RHD domain, which forms a stable dimer, may be resistant to degradation by the proteasome [13] .
Ubiquitin-mediated protein kinase activation in diverse NF-κB signaling pathways
Since phosphorylation of IκBs and p100 by IKK is a prerequisite for their degradation or processing, it is crucial to understand how IKK is activated by different signal transduction pathways. Interestingly, ubiquitin is key to IKK regulation, but in a manner that does not involve proteasomal degradation [14] . The first clue that ubiquitination may regulate IKK was provided by biochemical fractionation experiments that identified the ~700 kDa IKK complex, which was later shown to contain three distinct IKK subunits [15] . Unexpectedly, it was found that the IKK complex was activated by a polyubiquitination reaction catalyzed by ubiquitin E1 and an E2 of the Ubc4/5 family, and that this activation was independent of the proteasome and K48 of ubiquitin. These results suggest a proteasome-independent mechanism of IKK activation by polyubiquitination, but the physiological relevance of this finding remained obscure until TRAF6, a protein known to be essential for NF-κB activation by the IL-1 and Toll-like receptor (IL-1R/TLR) pathways [16, 17] , was shown to function as a ubiquitin ligase [18] . Through its N-terminal RING domain, which is highly conserved among all but one TRAF proteins, TRAF6 facilitates the synthesis of K63 polyubiquitin chains by the ubiquitin E2 complex Ubc13/Uev1A. This polyubiquitination leads to the activation of IKK. In recent years, much progress has been made in understanding the mechanism of IKK regulation by ubiquitination and deubiquitination. Furthermore, studies of different NF-κB signaling pathways reveal that ubiquitin-mediated activation of protein kinases is a common mechanism underlying NF-κB regulation by diverse pathways. The following sections will focus on the regulation of protein kinases by ubiquitination in different pathways, and the accompanying review by Harhaj and Dixit will discuss regulation of NF-κB by deubiquitination.
IL-1R/TLR signaling pathways
Interluekin-1 (IL-1) is a group of cytokines that are secreted by cells during inflammation as a defense and healing response to harmful stimuli [19] . Upon binding their receptors on the plasma membrane, both IL-1α and IL-1β potently activate downstream signaling pathways that lead to the expression of a plethora of proinflammatory genes (Figure 2, left) . TLRs are pathogen recognition receptors that detect specific molecular patterns of microbes such as bacteria and viruses. IL-1R and TLR share a similar cytosolic domain termed the Toll-IL-1R (TIR) domain, which recruits other TIR domaincontaining adaptors such as myeloid differentiation primary gene 88 (MyD88). MyD88 in turn recruits two IL-1 Receptor-associated kinases, IRAK4 and IRAK1. IRAK1 binds to TRAF6, which then functions together with Ubc13/Uev1A to catalyze K63 polyubiquitination, leading to the activation of a protein complex consisting of the kinase TGF-β activated kinase 1 (TAK1; also known as mitogen-activated protein kinase kinase kinase 7) and the adaptor proteins TAB1 and TAB2 [20, 21] . Both TAB2 and its homolog TAB3 contain an NZFtype UBD that binds preferentially to K63 polyubiquitin chains, and this binding leads to autophosphorylation and activation of TAK1 [22] . Subsequently, the TAK1 complex phosphorylates IKKβ, leading to the activation of IKK and NF-κB. TAK1 also phosphorylates other kinases including MKKs, which activate the JNK and p38 kinase cascades.
Although the model of ubiquitin-mediated activation of protein kinases is supported by multiple lines of evidence from different labs, two early studies initially casted some doubts over this model. In one study, deletion of the RING domain of TRAF6 was found to block the activation of TAK1 and JNK but not of IKK by IL-1β [23] . However, subsequent studies by several labs using TRAF6-deficient cells led to the consistent conclusion that the RING domain of TRAF6 is essential for IKK activation in the IL-1 pathway [24] [25] [26] [27] [28] [29] . In another study, knockout of Ubc13 was found to impair JNK and p38 kinase activation, but IKK activation was largely normal [30] . Follow-up studies, however, showed that Ubc13 and its catalytic activity are indeed essential for IKK activation by IL-1β and other cytokines [29, [31] [32] [33] . The discrepancy is likely caused by incomplete depletion of Ubc13 by Cre recombinase in the earlier study. Indeed, by using different titers of Cre retroviruses which resulted in varying degrees of Ubc13 depletion, Yamazaki et al. [29] demonstrated that complete depletion of Ubc13 blocked IKK activation, whereas even a small residual amount of Ubc13 was sufficient to support normal IKK activation. More direct evidence that K63 polyubiquitination is required for IKK activation in cells was obtained through a strategy that allows tetracycline-inducible replacement of endogenous ubiquitin with the K63R mutant [32] . In cells that are devoid of K63 polyubiquitination, IKK activation by IL-1β is completely blocked. Interestingly, these studies also reveal that IKK activation by TNFα involves a ubiquitin-dependent mechanism that is not restricted to K63 of ubiquitin (see below).
The mechanism by which TAK1 and IKK are activated by TRAF6-mediated polyubiquitination has been a subject of intense investigation. Early studies showed that several proteins in the IL-1 pathway are ubiquitinated following stimulation of cells. These include TRAF6, IRAK1, IRAK2, TAK1, TAB2 and NEMO [21, 24, [34] [35] [36] . Evidence has been presented to support the role of ubiquitination of each of these proteins in IKK activation. However, conflicting results have also been reported. For example, complementation of TRAF6-deficient MEF cells with a lysine-less TRAF6 mutant restores normal IKK activation by IL-1β, suggesting that ubiquitination of TRAF6 may be dispensable in this pathway [28] . Recent biochemical studies reveal that free K63 polyubiquitin chains, which are not conjugated to any cellular protein, can directly activate the TAK1 kinase complex [37] . These polyubiquitin chains, which are synthesized by TRAF6 and Ubc13/Uev1A, associate with the UBD of TAB2 (and possibly TAB3). This binding promotes the autophosphorylation of TAK1 at Thr-187, resulting in its activation. TAK1 then phosphorylates and activates IKKβ in a manner that depends on NEMO.
While the crucial role of NEMO in IKK activation is well established, how NEMO regulates IKK activation is not well understood. Recent studies have suggested that the regulatory function of NEMO is intimately linked to its ability to bind polyubiquitin chains and/or its modification by ubiquitin [38] . NEMO contains two UBDs: a coiled-coil domain (known as NUB, NOA, UBAN or CoZi) and a C-terminal zinc finger (ZnF) domain [39] [40] [41] [42] . The NUB domain binds both linear and K63 polyubiquitin chains [40] . Biochemical and structural studies reveal that the NUB domain binds to short linear ubiquitin chains with greater affinity than to short K63 chains [43, 44] . However, a NEMO fragment containing both NUB and the C-terminal ZnF domains binds to both types of ubiquitin chains with similar affinity [45] . Mutations that disrupt the binding of NEMO to ubiquitin chains also impair IKK activation [39, 40, 43] . Importantly, several ubiquitin-binding mutations of NEMO have been found in patients suffering from ectodermal dysplasia with immunodeficiency, underscoring the important role of NEMO ubiquitin binding in NF-κB-mediated immune response [46] .
Several studies suggest that ubiquitination of NEMO is also important for IKK activation. Tang et al. [47] provided the first evidence suggesting that NEMO is polyubiquitinated by cellular inhibitor of apoptosis protein (cIAP) 1 in response to TNFα stimulation. Subsequently, studies of different NF-κB signaling pathways revealed several potential ubiquitination sites on NEMO (e.g., K285, K277, K309 and K399) [48] [49] [50] [51] [52] [53] . Different types of ubiquitin modifications on NEMO have been reported; these include monoubiquitination as well as polyubiquitination by K6, K63 or linear ubiquitin chains. Further study is needed to clarify the role of NEMO ubiquitination in IKK activation in different pathways.
The role of ubiquitination in regulating NF-κB is further underscored by the findings that several DUBs inhibit TAK1 and IKK by cleaving K63 polyubiquitin chains or preventing polyubiquitin chain synthesis. For example, the familial cylindromatosis tumor suppressor (CYLD) is a DUB that can specifically cleave K63 polyubiquitin chains [34, 54, 55] . A20, another DUB that has potent anti-inflammatory activity, not only disassembles polyubiquitin chains but also prevents polyubiquitin chain synthesis by blocking the interaction between TRAF6 and Ubc13 [56] [57] [58] [59] .
TNF receptor (TNFR) pathways
TNF is a potent inflammatory cytokine and it can also induce apoptosis of certain tumor cells [60] . There are two forms of TNFα, a membrane-bound form (mTNFα) and a soluble form (sTNFα), the latter being produced by the processing of mTNFα by the membrane-bound protease TNFα converting enzyme (TACE). Both forms are functionally active to bind TNF receptors [61] . Two TNF receptors, TNFR1 and TNFR2, bind TNFα, with TNFR1 playing a more dominant role in TNFα signaling. Upon binding to TNFα, which is a trimer, TNFR1 also forms a trimer that recruits TNFR1-associated death domain protein (TRADD) and triggers the sequential formation of two distinct complexes: complex I and II, which activate NF-κB and apoptosis, respectively ( Figure 3 ) [62] .
Complex I contains TRADD, TRAF2, TRAF5, receptor-interacting protein kinase 1 (RIP1), and cIAP1 and cIAP2. Both cIAP1 and cIAP2 are RING-domain ubiquitin ligases that catalyze polyubiquitination of RIP1 [32, 63, 64] . The polyubiquitin chains facilitate the recruitment and activation of TAK1 and IKK complexes by binding to TAB2 and NEMO, respectively [39] . Subsequent to the formation of the receptor-associated complex I and the activation of TAK1, IKK and NF-κB, TRADD, RIP1 and TRAF2 dissociate from the recep- HOIP and HOIL-1 may also help to stabilize complex I by binding to polyubiquitin chains on cIAPs. RIP1 is polyubiquitinated by cIAPs and this modification leads to the recruitment of the TAK1 and IKK complexes. Subsequently, IκBα is phosphorylated and degraded, leading to NF-κB activation. Following complex I formation, TRADD, TRAF2 and RIP1 dissociate from TNF receptor and form a death-inducing complex with FADD and procaspase-8 (complex II) in the cytosol. This allows procaspase-8 to undergo autocatalytic cleavage to generate the mature caspase-8, which initiates apoptosis. However, apoptosis is normally prevented by NF-κB-induced expression of anti-apoptotic proteins such as c-FLIP, which prevents caspase-8 activation. Apoptosis is promoted by ITCH and SMAC, which target c-FLIP and cIAPs, respectively, for proteasomal degradation. NF-κB also induces A20, which forms a ubiquitin-editing complex that targets RIP1 for proteasomal degradation. tor to form complex II in the cytoplasm together with FADD and procaspase-8 [62] . Within complex II, procaspase-8 is processed into the mature caspase-8, which then cleaves and activates caspase-3 to trigger apoptosis. In most cells, however, TNFα does not induce apoptosis, because the rapid activation of NF-κB by complex I induces the synthesis of several anti-apoptotic proteins including cIAPs and c-FLIP. c-FLIP binds to procaspase-8 and prevents its activation. Inhibition of RIP1 polyubiquitination, by mutating its ubiquitination site (K377), promoting cIAPs degradation or deubiquitinating RIP1, leads to caspase-8 activation and apoptosis [58, 65, 66] . The TNFα and IL-1 signaling pathways share some similarities and apparent differences. Both pathways activate TAK1 and IKK through TRAF proteins (TRAF2 and 5 for TNFα and TRAF6 for IL-1β). In addition, both pathways can be inhibited by DUBs such as CYLD and A20. These similarities led to the early suggestions that both pathways activate TAK1 and IKK through a mechanism involving K63 polyubiquitination. Indeed, TNFα-induced K63 polyubiquitination of RIP1 has been directly observed using a K63-specific antibody [67] . However, several lines of evidence suggest that TNFα and IL-1β activate IKK through distinct ubiquitin-dependent mechanisms [32] . First, depletion of Ubc13 blocks IKK activation by IL-1β, but not TNFα. Second, replacement of endogenous ubiquitin with the K63R ubiquitin mutant prevents IKK activation by IL-1β, but not TNFα. Third, depletion of Ubc5 inhibits IKK activation by TNFα but not IL-1β. Fourth, cIAP1 and cIAP2 are required for RIP1 polyubiquitination and IKK activation in response to TNFα stimulation. Thus, unlike Ubc13 and TRAF6 that catalyze K63 polyubiquitination in the IL-1β pathway, the TNFα pathway employs cIAPs and Ubc5 to catalyze polyubiquitination of RIP1 that is not restricted to K63 of ubiquitin. Interestingly, the TNF receptor complex contains HOIP and HOIL-1, which form the LUBAC ubiquitin E3 complex capable of synthesizing linear polyubiquitin chains [5, 48, 68] . The recruitment of LUBAC to TNFR requires TRADD, TRAF2 and cIAP1/2, but not RIP1 or NEMO. RNAi of HOIP partially inhibits IKK activation by TNFα. These results, together with the findings that LUBAC promotes linear polyubiquitination of NEMO and that NEMO binds to linear polyubiquitin chains, suggest that linear polyubiquitination may be important for IKK activation by TNFα. However, so far there is no evidence that linear polyubiquitin chains are associated with endogenous NEMO in cells. In addition, there is no direct biochemical evidence that linear ubiquitination of NEMO or its binding to linear ubiquitin chains leads to IKK activation. Thus, further studies are needed to elucidate the precise mechanism of IKK activation in the TNFα pathway.
T-cell receptor pathways
T-cell receptors (TCRs) are activated by antigenic peptides presented by host major histocompatibility complex (MHC) molecules on the surface of antigen-presenting cells (APCs) [69, 70] . TCRs subsequently lead to the activation of the serine/threonine kinase PKCθ by initiating a cascade of intracellular protein tyrosine phosphorylation. PKCθ then recruits a protein complex consisting of the CARD domain proteins CARMA1, BCL10 and a caspase-like protein MALT1. This complex, named as CBM (CARMA1-BCL10-MALT1), activates IKK through a mechanism involving K63 polyubiquitination by Ubc13/Uev1A (Figure 4, upper left) . Indeed, deletion of Ubc13 in mouse T cells prevents the activation of TAK1, IKK and MAP kinases by TCR stimulation [31] . In addition, MALT1 contains binding sites for TRAF2 and TRAF6. Biochemical studies show that BCL10 and MALT1 promote the oligomerization of TRAF6 and activate its E3 ligase activity [35] . TRAF6, together with Ubc13/Uev1A, in turn activates TAK1 and IKK. It has also been suggested that MALT1 harbors an E3 ligase activity, which functions together with Ubc13/Uev1A to catalyze K63 polyubiquitination of NEMO [50] . Although K399 of NEMO has been shown to be polyubiquitinated in response to TCR stimulation, mouse "knockin" experiments show that this lysine is dispensable for NF-κB activation in T cells [71] . Other targets shown to be polyubiquitinated by TRAF6 include BCL10 and MALT1 [72, 73] . However, T-cell-specific deletion of TRAF6 in mice does not impair NF-κB activation by TCR [74] . This may be due to redundant functions of TRAF2 and TRAF6 in T cells, as RNAi of both genes, but not of either one alone, abrogates NF-κB activation by TCR [35] .
The TCR pathway is subjected to negative regulation in part through ubiquitination and deubiquitination. The ubiquitin ligase Cbl-b, a well known negative regulator of TCR signaling, can promote monoubiquitination of CARMA1 to disrupt the CBM complex, thereby inhibiting NF-κB [75, 76] . T cells lacking the DUB CYLD exhibit constitutive activation of TAK1 and IKK, and this is correlated with enhanced ubiquitination of TAK1 [77] . It also has been suggested that A20 inhibits NF-κB in T cells by removing K63 ubiquitin chains from MALT1 [78, 79] . Interestingly, MALT1 possesses protease activity that can cleave A20 and BCL10; the cleavage of A20 may contribute to the requirement of the MALT1 protease activity in optimal NF-κB activation and IL-2 production [80, 81] . The contribution of the MALT1 protease activity to NF-κB activation in lymphocytes www.cell-research.com | Cell Research Siqi Liu and Zhijian J Chen 13 npg is further supported by the observation that inhibition of MALT1 proteolytic activity suppressed cancer cell growth that depends on constitutive NF-κB activity [82, 83] .
RIG-I-like receptor (RLR) pathways
Upon infection by RNA viruses, viral RNA represents a pathogen-associated molecular pattern (PAMP) that alerts the host immune system [84, 85] . The viral RNA in the cytosol is recognized by members of the RLR family, including retinoic acid-inducible gene-I (RIG-I), melanoma differentiation-associated gene 5 (MDA5) and laboratory of genetics and physiology 2 (LGP2) [86] . All RLRs contain an RNA helicase domain, and RIG-I and MDA5 additionally contain two CARD domains at their N-termini, which are important for activating downstream signaling cascade that culminates in the induction of type-I interferons and other antiviral molecules (see below). RIG-I also contains a C-terminal regulatory domain (RD) that binds to RNA bearing 5′-triphosphate [87, 88] . Genetic studies have demonstrated that RIG-I is essential for innate immune defense against most RNA virus infections, whereas MDA5 specifically detects picornaviruses such as encephalomyocarditis virus (EMCV) [85, 89] . The specific ligand(s) that activates MDA5 is still not defined, but long double-stranded RNA such as poly[I:C] is known to induce interferons in an MDA5-dependent manner.
LGP2 lacks the N-terminal CARD domains and was thought to inhibit the antiviral response [90] . However, LGP2-deficient mice exhibit an impaired immune response to several RNA viruses, especially EMCV, suggesting that LGP-2 is a positive regulator of MDA5 and possibly RIG-I [91] .
Binding of viral RNA to RIG-I and MDA5 initiates a signaling cascade through the adaptor protein MAVS (also known as IPS-1, VISA or Cardif) [92] [93] [94] [95] . MAVS is predominantly localized on the mitochondrial outer membrane through a C-terminal transmembrane domain, and this localization is essential for its ability to induce type-I interferons [92] . MAVS contains an N-terminal CARD domain that interacts with the CARD domains of RIG-I. The interaction with RIG-I leads to the activation of MAVS, which in turn activates IKK in the cytosol, leading to NF-κB activation. MAVS also activates the cytosolic IKK-related kinases TBK1 and IKKε, which phosphorylate the transcription factor IRF3. Phosphorylated IRF3 forms a dimer and enters the nucleus, where it functions together with NF-κB and other transcription factors to form an enhanceosome complex to induce type-I interferons (Figure 4, upper right) .
Recent studies provide compelling evidence for a critical role of K63 polyubiquitination in signal transduction through different steps of the RIG-I antiviral pathway. Tripartite motif-25 (TRIM25), an interferon-inducible E3 ligase, was first shown to activate RIG-I by conjugating K63-linked polyubiquitin chains to K172 of RIG-I [96] . The mechanism of RIG-I activation was further delineated using a cell-free system that recapitulates the activation of the RIG-I pathway by viral RNA [97] . Surprisingly, RIG-I is activated by the binding of its N-terminal CARD domains to unanchored K63 polyubiquitin chains. These ubiquitin chains exist in human cells but they are very unstable due to abundant DUBs such as CYLD. However, the endogenous ubiquitin chains are very potent activators of RIG-I. The CARD domains of RIG-I bind to K63 ubiquitin chains selectively, and this binding in full-length RIG-I requires ATP and RNA. Mutations that disrupt the binding of RIG-I to K63 ubiquitin chains also abrogate its ability to induce type-I interferons. On the other hand, a mutation that disrupts ubiquitination of RIG-I but retains its ubiquitin binding does not impair its ability to induce type-I interferons, suggesting that ubiquitin-binding rather than ubiquitination of RIG-I leads to its activation. Thus, the activation of RIG-I requires its sequential binding of two ligands, viral RNA followed by K63 polyubiquitin chains. How polyubiquitin binding leads to the activation of RIG-I and subsequent activation of MAVS requires further research.
Following its activation by RIG-I, MAVS activates IKK and TBK1 also through a ubiquitin-dependent mechanism. Biochemical studies show that the ubiquitin E2 Ubc5 is necessary for TBK1 activation by MAVS in an in vitro assay [98] . Moreover, depletion of Ubc5 abrogates TBK1 activation by viral infection in cells. Interestingly, although Ubc5 can synthesize polyubiquitin chains of different linkages, only K63 polyubiquitin chains can support TBK1 activation by MAVS. Replacement of endogenous ubiquitin with the K63R ubiquitin mutant in a human cell line leads to a severe defect in TBK1 activation by viral infection. MAVS contains binding sites for several TRAF proteins, including TRAF2, TRAF3, TRAF5 and TRAF6. TRAF3 forms a complex with TANK, NEMO and TBK1 [98] [99] [100] . NEMO is required for the activation of both IKK and TBK1 in response to viral infection, and mutations that disrupt the binding of NEMO to polyubiquitin chains impair the activation of both kinases [98, 100] . Although autoubiquitination of TRAF3 has been proposed as a mechanism that leads to TBK1 activation, TRAF3-deficient cells only exhibit a partial defect in producing IFNβ following viral infection [98] . Thus, additional ubiquitin E3 and ubiquitination targets involved in TBK1 activation remain to be identified. Further research is also needed to understand how IKK is activated by MAVS. Upon TCR stimulation, the serine/threonine kinase PKCθ is activated by a tyrosine kinase cascade. PKCθ promotes the formation of a protein complex composed of CARMA1, BCL10 and MALT1. MALT1 recruits TRAF2 and TRAF6, which catalyze K63 polyubiquitination that leads to the activation of TAK1 and IKK. NLR pathway (upper center): In response to bacterial peptidoglycans, cytosolic receptors NODs recruit TRAF proteins and target RIP2 for K63 ubiquitination, leading to the activation of TAK1 and IKK. RLR pathway (upper right): After viral infection, the viral RNA binds to the cytosolic RNA helicase RIG-I, which then binds to unanchored K63 polyubiquitin chains synthesized by the ubiquitin ligase TRIM25. This binding activates RIG-I, which transduces the signal to MAVS, a mitochondrial membrane protein. MAVS in turn activates IKK and TBK1, leading to the activation of NF-κB and IRF3, respectively. NF-κB and IRF3 enter the nucleus to induce the transcription of type-I interferons (IFN-Is). DNA damage pathway (bottom): Genotoxic stress caused by DNA double-strand breaks triggers the sequential modification of NEMO by SUMO1 and ubiquitin. Monoubiquitinated NEMO exits the nucleus together with ATM and this complex promotes K63 polyubiquitination of ELKS and/or TRAF6, which in turn activates TAK1 and IKK.
www.cell-research.com | Cell Research Siqi Liu and Zhijian J Chen 15 npg In support of the role of polyubiquitination in the activation of the RIG-I pathway, several DUBs have been shown to inhibit IKK and TBK1 activation by viral infection. These include A20, CYLD and DUBA [101] [102] [103] [104] . A20 inhibits the RIG-I pathway at a step upstream of IKK and TBK1. However, this inhibition is independent of A20's catalytic activity. Thus, the mechanism by which A20 inhibits IKK and TBK1 activation is still not well understood. CYLD has been shown to deubiquitinate or prevent ubiquitination of RIG-I in cells. DUBA is an OTU-type DUB and it inhibits TBK1, but not IKK activation by removing polyubiquitin chains from TRAF3.
NOD-like receptor (NLR) pathways
Nucleotide-binding domain (NBD), leucine-rich repeat (LRR)-containing proteins (NLR; also known as NODlike receptors) are cytosolic proteins that detect PAMPs or damage-associated molecular patterns (DAMPs) [105, 106] . As their name implies, NLR proteins contain NBD and LRR domains. In addition, NLR proteins are classified into different subfamilies depending on whether they possess CARD, pyrin or baculovirus inhibitor of apoptosis protein repeat (BIR) domains. Among about 20 different NLR proteins, NOD1 and NOD2, which activate NF-κB, are among the most extensively studied [107] [108] [109] .
Both NOD1 and NOD2 recognize bacterial peptidoglycans. NOD1 senses the dipeptide γ-d-glutamyl-mesodiaminopimelic acid (iE-DAP), whereas NOD2 detects muramyl dipeptide (MDP). RIP2, a RIP1-like kinase (also known as RICK) is recruited to NODs through CARD-CARD interaction upon ligand stimulation [107] and is subsequently polyubiquitinated at K209 within its kinase domain [110, 111] . Polyubiquitinated RIP2 in turn recruits and activates TAK1 and IKK complexes. It has also been shown that NEMO is ubiquitinated at K285 after NOD2 stimulation [51] . Mutations of NOD2 have been linked to Crohn's disease, and several of these mutations impair the ability of NOD2 to stimulate NEMO ubiquitination ( Figure 4, upper center) .
Multiple E3s have been reported to catalyze the ubiquitination of NEMO and/or RIP2. TRAF6 has been shown to be involved in the K63 polyubiquitination of NEMO as well as RIP2 in response to NOD2 stimulation [51, 111] . However, another study showed that depletion of TRAF2 and TRAF5, but not TRAF6, ablated NF-κB activation in response to a NOD1 ligand [110] . More recently, two separate studies found that cIAPs (cIAP1 and 2) and X-linked inhibitor of apoptosis (XIAP; XIAP1 and 2) bind to RIP2 and are important for NF-κB activation in NOD signaling [112, 113] . Furthermore, cIAP1 and 2 were suggested as the direct E3 ligases that catalyze K63 polyubiquitination of RIP2 [113] . Thus, the NOD-RIP2 and TNFR-RIP1 pathways appear to activate IKK through a similar mechanism that involves polyubiquitination of RIP proteins by cIAP and TRAF E3s. Also, similar to the TNF pathway, A20 negatively regulates NF-κB activation by NOD1 and NOD2, possibly by inhibiting RIP2 polyubiquitination [110, 114] .
NF-κB activation by genotoxic stress
Genotoxic stress induces NF-κB activation in a unique way because the DNA damage signals originate in the nucleus and IKK activation occurs in the cytoplasm. A signaling pathway from the nuclear DNA damage to cytosolic IKK activation has been revealed ( Figure  4 , bottom) [115] . Interestingly, this pathway involves sequential posttranslational modifications of NEMO, including sumoylation and ubiquitination [49] . Upon DNA damage, a small fraction of NEMO (free from IKKα/ β) is conjugated in the nucleus by SUMO-1 at lysines 277 and 309. The E2 and E3 responsible for NEMO sumoylation are Ubc9 and protein inhibitor of activated STATy (PIASy), respectively [116] . NEMO sumoylation requires p53-induced protein with a death domain (PIDD), RIP1 and poly (ADP-ribose) polymerase 1 (PARP-1) [117] . In particular, PARP-1 detects DNA damage and catalyzes poly-ADP-ribosylation (PAR) of PARP-1 itself. The ADP-ribose polymer then binds to a PAR-binding motif (PARBM) present in PIASy, which then sumoylates NEMO [118] . PARP1 also recruits ATM, a nuclear protein kinase activated by DNA double-strand breaks (DSBs), to phosphorylate NEMO at Ser85 [119] . Phosphorylated NEMO is subsequently monoubiquitinated and it enters the cytosol together with ATM. The NEMO-ATM complex promotes the K63 polyubiquitination of the adaptor protein ELKS by XIAP and Ubc13, leading to the activation of the TAK1 kinase complex [120] . TAK1 then phosphorylates IKK, resulting in NF-κB activation. An independent study confirms the important role of Ubc13 and TAK1 in IKK activation by DNA damage, but finds that K63 polyubiquitination of TRAF6 is important for TAK1 activation [53] . This study also shows that NEMO is monoubiquitinated at K285 in the cytoplasm by cIAP1 and that this ubiquitination is important for IKK activation.
NF-κB activation by viral proteins
Human T-lymphotropic virus type I (HTLV-1) is a retrovirus that infects T cells and causes adult T-cell leukemia. The Tax protein of the virus is a potent activator of IKK and NF-κB [121] . Tax is ubiquitinated in a Ubc13-dependent manner [122] . Ubiquitinated Tax recruits and activates the TAK1 and IKK complexes [123, 124] . Overexpression of TRAF2, TRAF5 or TRAF6 strongly induces Tax ubiquitination, but it is unclear which of these TRAF proteins is the physiological E3 for Tax. A Tax-binding protein, TaxBP1, is a component of the A20 ubiquitin-editing complex [125] . Through binding to TaxBP1, Tax disrupts the A20 complex and inhibits its negative regulation of IKK [126] . The inhibition of A20 by Tax may contribute to the constitutive activation of NF-κB in HTLV-1-infected cells.
Proteins from other viruses have been shown to activate NF-κB as well. For instance, the latent membrane protein 1 (LMP1) of Epstein-Barr virus (EBV) and Saimiri transforming protein c (STP-c) from herpesvirus saimiri (HVS) both activate IKK through TRAF6 [127] [128] [129] . Some viral proteins target negative regulators of IKK to augment NF-κB activation induced by stress conditions, thereby promoting the survival and transformation of cancer cells. For example, the E6 protein of human papillomavirus (HPV) targets CYLD for ubiquitination and proteasomal degradation, leading to persistent NF-κB activation by hypoxia in HPV-infected cancer cells [130] .
Noncanonical NF-κB signaling
The protein kinase nuclear factor κB-inducing kinase (NIK) is important for the processing of p100 to p52 in the noncanonical NF-κB pathway (Figure 2, right) [131] . In B cells, NIK is constitutively degraded through the ubiquitin-proteasome system [132] . Stimulation of Bcell surface receptors such as BAFF-R or CD40 leads to the stabilization of NIK, which in turn phosphorylates and activates IKKα, leading to the phosphorylation and subsequent processing of p100 by the proteasome [133] . TRAF3 plays an important role in the degradation of NIK in B cells; however, TRAF3 is not the direct ubiquitin ligase for NIK. Instead, TRAF3 functions as an adaptor that recruits cIAP1 and cIAP2, which polyubiquitinate NIK and target the kinase for degradation by the proteasome [134] . Stimulation of CD40 activates the E3 ligase activity of TRAF2, which catalyzes K63 polyubiquitination of cIAPs [135, 136] . Through an unknown mechanism, K63 polyubiquitinated cIAPs switch their target from NIK to TRAF3, causing K48 polyubiquitination and subsequent degradation of TRAF3. The degradation of TRAF3 allows NIK to accumulate in activated B cells.
Conclusions and perspectives
A wealth of evidence supports the key role of ubiquitination in regulating signal transduction in the NF-κB pathways. It is now clear that ubiquitination not only controls the degradation of IκBs and the processing of NF-κB precursors (p100) by the proteasome, but also regulates the activation of IKK through proteasome-independent mechanisms. It is remarkable to note that many proteins involved in the regulation of IKK have ubiquitin-related functions, including ubiquitin conjugation (e.g., TRAFs, cIAPs and Ubcs), deconjugation (e.g., A20 and CYLD) and recognition (e.g., NEMO and TAB2). Ubiquitination also regulates the activation of MAP kinases (e.g., TAK1, JNK and p38) and TBK1, suggesting that ubiquitin has a more general role in regulating protein kinase activation in immune and inflammatory pathways.
The basic mechanism underlying ubiquitin signaling involves the interaction between ubiquitinated targets and ubiquitin receptors that harbor UBDs. This mechanism applies to both signaling to the proteasome and proteasome-independent functions of ubiquitin. The 19S regulatory particle of the proteasome contains several ubiquitin receptor subunits that recognize polyubiquitinated proteins destined for degradation [137] . As cells contain numerous proteins that are ubiquitinated and perhaps even more proteins that contain UBDs, how is a ubiquitinated protein sorted out and targeted to the proteasome or other destinations to perform specific regulatory functions? It is generally believed that different polyubiquitin chains on a protein target determine whether a protein is degraded by the proteasome or not. For example, K48 polyubiquitin chains target proteasomal degradation, whereas K63 polyubiquitination performs non-proteolytic functions. In support of this model, quantitative mass spectrometry shows that inhibition of the proteasome in yeast cells leads to the accumulation of ubiquitin chains of different linkages, except K63 linkage [138] . However, in vitro experiments show that K63 polyubiquitinated proteins are efficiently degraded by the 26S proteasome [139] . The inefficient degradation of K63 polyubiquitinated proteins in vivo may be due to their sequestration by other ubiquitin-binding proteins in cells, as well as their faster deconjugation by the proteasome-associated DUBs [140] .
In general, UBDs bind to ubiquitin and ubiquitin chains with low affinity and selectivity. Thus, the specificity of sorting different ubiquitinated proteins for different fates cannot rely on the sole interaction between ubiquitin and UBDs. Additional interactions between other domains of the ubiquitinated proteins and ubiquitin receptors can greatly enhance the specificity. Space and time must also play a key role in determining the specificity of ubiquitin signaling. Since ubiquitin chains are very labile due to abundant DUBs in cells, the "life time" of a ubiquitin chain on a given substrate is likely to be quite short. Thus, the interaction between a ubiquitinated www.cell-research.com | Cell Research Siqi Liu and Zhijian J Chen 17 npg protein and a ubiquitin receptor must occur in the right place at the right time. New technologies and approaches, such as high-resolution live-cell imaging and systems biology, should yield new insights into how space and time control the specificity of ubiquitin signaling. Intense studies in the past few years on NF-κB signaling have not only uncovered the central role of ubiquitination in the regulation of IKK in different pathways, but also revealed an unexpected complexity of signaling mechanisms in these pathways. While there is strong evidence that K63 polyubiquitination is essential for IKK activation in the IL-1β pathway, the mechanism of IKK activation in the TNFα pathway appears to be more complex. Not only are Ubc13 and K63 polyubiquitination dispensable for IKK activation by TNFα, but also deletion of signaling proteins such as TRAF2, TRAF5, RIP1 or TAK1 only leads to a partial inhibition of IKK. The activated TNF receptor complex contains many proteins, including multiple ubiquitin ligases. Thus, it is possible that there is a considerable degree of redundancy in TNF signaling. For instance, K63 and other types of polyubiquitination, including linear and perhaps "mixed" polyubiquitination, may play redundant roles in IKK activation by TNFα. Unlike the IL-1 pathway in which IKK activation by TRAF6 can be reconstituted in cell-free extracts, it has not been possible to establish a cell-free system that mimics the TNFα pathway using proteins such as TRAF2, cIAP1 or HOIP. In-depth biochemical and genetic studies are required to unravel the complexity of IKK regulation by TNFα.
A common and important issue in ubiquitin research is the identification and validation of physiologically relevant ubiquitination targets. Normally, a very small fraction of a protein target is modified by ubiquitin, making it difficult to study the activity of the modified proteins and determine the modification sites. Rapid advances in mass spectrometry should help to overcome this technical hurdle. The validation of ubiquitination targets often relies on mutagenesis of the putative or confirmed ubiquitination sites. However, such mutagenesis data must be interpreted with caution, because mutations of certain residues can lead to unintended consequences, such as affecting ubiquitin binding, enzymatic functions or protein conformations. The recent finding that unanchored polyubiquitin chains have direct signaling functions in regulating the activity of TAK1, IKK and RIG-I adds another layer of complexity to ubiquitin signaling. A burning issue in NF-κB research is to sort out the role of many proposed ubiquitination targets (e.g., NEMO, TAK1, TAB2, RIPs, IRAKs, TRAFs, MALT1, BCL10, ELKS, RIG-I and TBK1) as well as unanchored polyubiquitin chains in IKK activation by different pathways.
Clarifying this issue will also help to understand how DUBs such as A20 and CYLD inhibit IKK.
